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Abstract 
Explicit molecular dynamics simulations were applied to an amorphous silica nanoparticle dimer and monomer pair 
where all original particle diameters were 2.0 nm. Mean forces acting between the silica nanoparticle dimer and 
monomer were extracted at two different industrially relevant silicon to sodium ratios, where dependences of the 
aggregates on the potential of mean force on the separation and the silicon to sodium ratio are demonstrated. The pH 
was indirectly accounted for via the ratio of silicon to sodium used in the simulations. The nature of the interaction of 
the counter-ions with variation of the numbers of charged silica surface sites (deprotonated silanols) was also 
investigated. Numbers of bridging hydrogen bonds were found to be strongly dependent on the Si:Na+ ratios. Further 
to this evidence is found that differing numbers of bridging hydrogen bonds lead to differing aggregation behaviors of 
silica dimer-monomer nanoparticles. 
 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for 
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1. Introduction 
In recent years there has been a rapid increase in the number of technological applications of silica in 
colloidal form. In addition to the more traditional range of applications (e.g. in the food, paint, coatings, 
and paper industries), new ranges of applications in, e.g. the biomedical industries [1,2] have been 
developed. In these applications, controlling the stability of the silica particles in (usually) aqueous 
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solution, the size dispersion of the particles and the interactions between both the particles themselves and 
between the particles and other chemical species, such as solvent molecules, counter-ions, 
polyelectrolytes and other functional species, are all of prime importance. It is therefore essential that the 
physical and chemical phenomena underlying the production of silica colloids with desirable properties be 
thoroughly understood. 
Silica in colloidal form [3] has been used in industrial applications and studied for many decades, both 
in terms of production techniques [4,5] and customization of properties. In addition, grafted polymeric 
species on nano-colloidal silica enhance dispersant properties [6], silica nanoparticles can be used as hosts 
and carriers for other smaller, possibly toxic, particulates [7], and silica nano-colloids also form the basis 
for the production of zeolites [8,9], which have a wide range of economically significant applications. In 
these applications, the ability to control the stability of silica nano-colloids in (usually) aqueous solutions, 
both in terms of the chemical stability of the nanoparticles themselves, and also colloidal stability 
(through the interactions between the nanoparticles themselves, and possibly any other chemical species 
present), is vital in order to optimise their effectiveness in the desired application.Theoretical models for 
property prediction have been developed covering a wide range of length and time scales, Ab-initio 
studies of nucleation [10,11] and stability of oligomers [12-13] have been carried out; molecular dynamics 
using reactive potentials has also been used in similar studies [14,15]. In recent years, some multiscale 
studies on silica systems have also been carried out [16,17]. A number of mesoscale approaches to 
colloidal structure and dynamics such as Monte-Carlo, Brownian dynamics etc.[18,19] have been in use 
for a much longer time - these necessarily neglect atomic-level details in order to allow longer simulated 
length and time scales. 
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of inter-particle interactions [20,21] has 
been widely and successfully used to predict stability in colloidal systems, in terms of a balance of 
attractive van der Waals forces and repulsive electrical double-layer forces. While useful in a wide range 
of systems, this theory does not account for specific ion effects [22], and neglects short- and long-ranged 
contributions (e.g. dispersion forces [23]) to the inter-particle force which are important in some systems. 
Colloidal silica is such a system, and 'non-DLVO' forces in silica colloids have also been attributed to 
additional solvation forces and a 'hairy' nanoparticle surface, among others [24]. Additionally, DLVO 
theory does not provide correct predictions of stability and aggregation of silica particles up to sub-
micrometer sizes in high background salt and/or low pH environments [25]. 
The purpose of this study is therefore to complement existing work by investigating the effects of a 
number of experimental parameters on effective forces, counter-ion effects and hydrogen bonding 
between an amorphous silica nano-colloidal dimer and monomers in aqueous solution by means of 
explicit molecular dynamics simulations. Previously, [28] it was found that Si:Na+ ratios are much more 
important than the background Na+ concentrations for determining the distribution of hydrogen bonding, 
so all simulations in this work will be performed with a background Na+  concentration of 0.00M. 
 
2. Methods  
2.1. Starting structures 
An amorphous silica 'starting' particle (approximately spherical, diameter 84 Å, containing 3784 atoms) 
was created by melting, then quenching a sample of α-quartz in a separate simulation. Further details of 
the methods used to create the amorphous silica nanoparticle structure can be found in our previous 
papers [26-28]. Similarly, a dimer was created using a sub-region of the starting particle defined as the 
intersection of two spheres.  
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2.2. Single and double particle MD runs- PMF calculations  
MD calculations were carried out in the NVT ensemble using the GROMACS [29-31] code (version 
3.3.1), using OPLS-AA [32] force fields, with additional parameters for silica from literature [33]. The 
water model used was a flexible variant of the TIP4P 4-site model [34,35], for more details please refer to 
our earlier publications [26,28]. Hydrogen bonds connecting or bridging the pairs of silica particles were 
counted using the 'g_hbond' utility within the GROMACS suite, with a hydrogen-acceptor (oxygen) cut-
off radius of 0.35nm and a cut-off angle of 30°, averaged over the entire potential of mean force (PMF) 
trajectory. 
 
3. Results and discussion 
Snap-shots of the final dimer-monomer hydrogen bonded configurations are shown in Fig. 1 were seen 
to be dependent on the Si:Na+ ratio, particularly for the ‘x’ configuration, compare subfigures 1(a) and (e). 
The conformations found in all the sub-figures were found to be consistent across the range of hydrogen 
bonded separations.  It can be seen in (a) that for a Si:Na+ ratio of 5:1 there is a preference for more linear 
configurations  than for the Si:Na+ ratio of  20:1,  shown in (e). 
(a)    (b)    (c) 
 
(e)    (f)    (g) 
Fig 1. Sub-figures (a)-(g) show hydrogen bonded configurations of dimers (shown in a stick notation) with 
monomers (shown in a ball and stick notation) with sodium counter-ions. Water molecules are removed for clarity. 
Sub-figures (a)-(c) refer to Si:Na concentrations of 5:1 and (e)-(g) to to Si:Na concentrations of 20:1 respectively. 
Sub-figures (a) and (e) correspond to initial simulation configurations with the monomer collinear with the dimer or 
in the ‘x’ configuration. In sub-figures (b) and (f) the starting configuration is with the monomer positioned 
symmetrically above the dimer; the ‘y’ configuration and in (c) and (g) the monomer is positioned half-way between 
the ‘x’ and ‘y’ positioned referred to as the ‘xy’ configuration.  
191S.R. Kirk et al. / Procedia Engineering 18 (2011) 188 – 1934 S. Jenkins/ Procedia Engineering 00 (2011) 000–000 
2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6
Interparticle separation (nm)
-100
-80
-60
-40
-20
0
20
40
60
80
100
In
te
rp
ar
tic
le
 p
ai
r p
ot
en
tia
l o
d 
m
ea
n 
fo
rc
e (
kJ
 m
ol-
1 ) Si:Na ratio 5:1
Si:Na ratio 20:1
2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8
Interparticle separation (nm)
-400
-300
-200
-100
0
100
200
300
400
In
te
rp
ar
tic
le
 fo
rc
e 
(k
J m
ol-
1 n
m
-
1 )
Si:Na ratio 5:1
Si:Na ratio 20:1
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Interparticle separation (nm)
-400
-300
-200
-100
0
100
200
300
400
In
te
rp
ar
tic
le
 fo
rc
e 
(k
J m
ol
-
1 n
m
-
1 )
Si:Na ratio 5:1
Si:Na ratio 20:1
The variation of the inter-particle force with dimer-monomer silica nanoparticle separation are shown 
in Fig 2 (a-c), the ‘x’, ‘y’ and ‘xy’ starting configurations respectively, see Fig 1. It can be seen that the 
forces decay away with increase in particle separation; this is the basis of the PMF method.  
 
(a)    (b)    (c)
Fig. 2. Plots of the inter-particle force vs inter-particle separation for a dimer and monomer of silica nanoparticles 
where all constituent nanoparticles have a diameter of 2.0 nm, are shown  with Si:Na+ ratio of 5:1 and 20:1 in black 
and red fonts respectively in the electronic versions. Sub-figures (a)-(c) correspond to the simulations with starting 
configurations ‘x’, ‘y’ and ‘z’ respectively. All simulations have background sodium concentrations of 0.00M. 
 
The plots of the variation of the PMF with dimer-monomer separation and Si:Na+ ratio are shown in 
Fig. 3, for the ‘x’, ‘y’ and ‘xy’ starting configurations. A general trend can be seen; the short-range 
attraction tends to increase with increasing Si:Na+ ratio or at least become less repulsive, in agreement 
with our earlier work on pairs of monomers [28]. The enhanced repulsion seen in the case of the 5:1 
Si:Na+ ratio is likely due to the presence of Na+ ions between the nanoparticles in Figs.1(a-c). The 2.0 nm 
nanoparticle with 5:1 Si:Na+ ratio has 20 O− sites, whereas for the 20:1 Si:Na+ ratio there are only 5 
O−sites present on the particle surface.  
 
(a)    (b)    (c) 
Fig. 3. Plots of the inter-particle PMF vs inter-particle separation for the dimer and monomer, see the caption of 
Fig2. for further details. 
 
An explanation for this when there are many charged surface sites i.e., 5:1 Si:Na+ ratio there is enhanced 
repulsion between the silica dimer and monomer particles which results in lower numbers of inter-particle, 
i.e ‘bridging’ hydrogen bonding for the 5:1 ratio than for the 20:1 Si:Na+ ratio, see Fig. 4. Conversely for 
the 20:1 Si:Na+ ratio there are more neutral silanol groups present on the surfaces of silica particles which 
enhances hydrogen bonding relative to the 5:1 case. We see evidence for this in Fig. 4, where the 20:1 
Si:Na+ samples always s possess more ‘bridging’ hydrogen bonds than for the  5:1 Si:Na+  sample.  
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(a)         (b)    (c) 
Fig. 4. The number of time-averaged inter-nanoparticle ‘bridging’ hydrogen bonds vs. inter-particle separation for 
a dimer and monomer of silica nanoparticles, see the caption of Fig. 2. for further details. 
 
Beyond the range of the bridging hydrogen bonds the PMF plots tend to be repulsive; this suggests that 
the silica nanoparticles could be stable in suspension, this is particularly evident for the 20:1 Si:Na+ ratio. 
Thus, differences in the shapes of the potentials may lead to different aggregation behaviors of the 
nanoparticles [18].  
 
4. Conclusions 
This study has successfully modeled the interactions between an amorphous silica dimer-monomer 
nanoparticle pair in an aqueous solution with two different Si:Na+ ratios of relevance for the industrial 
setting using realistic MD force fields, evaluating the inter-particle potentials using a PMF formalism. 
The form of the interaction potential between a dimer and monomer consisting of silica nanoparticles 
is found to depend strongly on the number of bridging hydrogen bonds between the dimer and monomer 
and to a lesser extent the density of charged groups present on the nanoparticle surfaces. This work 
provides further evidence that the shapes of potentials lead to differing aggregation behaviors of silica 
nanoparticles [18], this was seen in the greater string-like aggregation tendencies of the dimer-monomer 
pair with 5:1 Si:Na+ ratio shown in Fig. 1(a). The enhanced attraction at the 20:1 Si:Na+ ratio i.e. 
decreasing charge density correlates very well with the higher numbers of bridging hydrogen bonds 
between the silica nanoparticle dimer and monomer and can be regarded as a measure of 
particle ’stickiness’, where higher numbers of bridging hydrogen correspond to a stickier nanoparticle 
monomer or dimer. Differences in the shapes of aggregates e.g. Fig.1(a) and  Fig.1(e) can be explained by 
differences in the numbers of bridging hydrogen bonds. In particular comparing Fig.1(b) and Fig.1(f) and 
the corresponding plots of the numbers of bridging hydrogen bonds in Fig. 4(b) shows a strong contrast of 
the behaviours of the 5:1 Si:Na+ and 20:1 Si:Na+ ratio dimer-monomer pairs; the former is weakly bound 
by only a few hydrogen bonds contrasted with the later that has many more, indicating that the 20:1 
Si:Na+ ratio dimer-monomer pair is most stably bound  in the configuration of Fig. 1(f) in comparison  
with Fig.1(e) and (g). The converse is true for the 5:1 Si:Na+ dimer-monomer pair since this has the 
fewest number of bridging hydrogen bonds in the configuration shown in Fig. 1(b). 
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